able variations in detection sensitivity and quantification of fetal DNA concentrations were noted among laboratories very familiar with real-time PCR technology (21 ).
The discovery of fetal DNA in maternal plasma has opened up new possibilities for noninvasive prenatal diagnosis (1) (2) (3) (4) (5) (6) . A recent report (7 ) indicated that the proportion of fetal DNA in maternal plasma can be dramatically enriched through the adoption of a bloodprocessing protocol involving the addition of formaldehyde to maternal blood samples. Dhallan et al. (7 ) suggested that these observations might be the result of several factors, including a reduction in background maternal DNA by minimization of maternal cell lysis through formaldehyde-mediated cell membrane stabilization and the use of a gentle centrifugation protocol, as well as the preservation of fetal DNA through nuclease inhibition by formaldehyde.
In view of the profound implications of the study (7 ), we aimed to validate and investigate the underlying mechanisms of the reported phenomenon. To assess the effects of several contributory factors, our study was conducted in three successive stages. In the first part of the study, we aimed to verify the effects of the previously published protocol (7 ) on total DNA concentrations in plasma from nonpregnant individuals. In the second part of the study, we evaluated the effects of formaldehyde addition on total and fetal DNA concentrations in maternal plasma in relation to the time of blood processing (0, 6, and 24 h after blood collection). In the last part of the study, we investigated whether the reported enrichment in circulating fetal DNA concentrations (7 ) might be a consequence of the imprecision of the analytical method chosen by the authors.
All participants were recruited with informed consent Clinical Chemistry 51, No. 3, 2005 from the Prince of Wales Hospital, Hong Kong, with institutional ethics approval. In the first part of the study, blood (24 mL) was collected into 3-mL EDTA tubes from each of eight nonpregnant volunteers and divided into four equal portions immediately after venesection. One portion was processed by a previously described two-step centrifugation protocol (8 ) , and the remaining three portions were centrifuged by the gentle centrifugation protocol described in the previous formaldehyde study (7 ) . One of the latter three portions was not treated further, whereas formaldehyde was added to the other two portions before or after centrifugation. For every 3 mL of blood, we added 75 L of 10% neutral-buffered solution containing formaldehyde (40 g/L). This evaluation protocol was designed to assess whether the gentle centrifugation protocol and formaldehyde addition each contributed independently to the minimization of cell lysis and, thus, the decrease in total plasma DNA concentration. Plasma supernatants were carefully removed, and DNA was isolated by use of a QIAamp DNA Blood Midi Kit (Qiagen) and subjected to real-time quantitative PCR (RQ-PCR) for ␤-globin (9 ) on a 7900 Sequence Detector (Applied Biosystems). Statistical analyses were carried out using Sigma Stat 3.0 (SPSS).
For plasma samples obtained immediately after venesection, ␤-globin DNA concentrations did not differ significantly among portions processed by the centrifugation protocols with or without formaldehyde addition before or after centrifugation (P ϭ 0.615, Friedman; Table 1 ). As previous studies reported that circulating DNA concentrations would increase substantially after undue delays in blood processing (10, 11 ) , the second part of the study was designed to investigate the interrelationships between formaldehyde addition, plasma DNA concentrations, and delayed blood processing in pregnant women.
Pregnant women carrying male fetuses as identified by fetal ultrasound scanning were recruited for part 2 of the study. Blood (12 mL) was collected into 3-mL EDTA tubes from each of 13 and 17 pregnant women in the second (gestational age, 17-20 weeks) and third (gestational age, 36 -41 weeks) trimesters of pregnancy, respectively. Portions of the whole blood specimens were centrifuged either immediately or after 6 or 24 h of storage at 4°C. One half of each portion was treated with formaldehyde. Plasma SRY and ␤-globin DNA was quantified by RQ-PCR (9 ) . We compared the differences among the SRY, ␤-globin, and fractional fetal DNA concentrations in the maternal plasma aliquots processed at the three different time-points with or without formaldehyde addition sta- tistically were compared by Friedman repeated-measures ANOVA on ranks followed by all-pairwise post hoc analysis using the Dunn method to identify the specific groups that differed from the others. The median ␤-globin, SRY, and fractional fetal DNA concentrations for the differently processed maternal plasma aliquots are summarized in Table 1 . The maternal plasma ␤-globin concentrations for the different blood processing protocols were statistically different for samples from both the second (P ϭ 0.02, Friedman) and third (P ϭ 0.002, Friedman) trimesters of pregnancy. Post hoc analysis revealed that among all possible comparisons, the only significant difference was between the ␤-globin concentrations in the two third-trimester maternal plasma portions processed with 24-h delay with and without formaldehyde addition (P Ͻ0.05, Dunn). The corresponding ␤-globin concentrations in the second-trimester plasma aliquots processed at 24 h demonstrated the greatest difference in ranks among all possible comparisons. However, this difference did not reach statistical significance in the post hoc analysis (P Ͼ0.05, Dunn). We found no statistical difference between the maternal plasma SRY concentrations ( Table 1) for any of the plasma aliquots in either the second (P ϭ 0.600, Friedman) or third (P ϭ 0.697, Friedman) trimesters of pregnancy. The plasma portions treated with formaldehyde demonstrated a small (1-3.3% increase in median values; Table 1 ) but nonsignificant increase in the fractional fetal DNA concentrations at each of the time-points in both the second (P ϭ 0.237, Friedman) and third trimesters (P ϭ 0.339, Friedman) of pregnancy (Table 1) . These data contrasted markedly with the extent of fetal DNA enrichment reported previously (7 ) (59% of samples with fetal DNA percentages Ͼ25% with a range extending to Ͼ50%).
To investigate the cause of the discrepancy, we compared the analytical performance of RQ-PCR (9 ) with the serial dilution method used in the original formaldehyde study (7 ) for quantification of maternal plasma DNA. Blood (12 mL) was collected from two pregnant women carrying male fetuses (gestational age, 17 and 18 weeks). Formaldehyde was added, and plasma was obtained by gentle centrifugation (7 ) . A solution containing 4.5% male DNA [20 genome-equivalents (GE) of SRY among 450 GE of ␤-globin] was also prepared by mixing male and female genomic DNA. Extracted DNA from the three specimens was separated into 10 aliquots and assayed for SRY and ␤-globin. The fetal DNA percentage of each aliquot (30 aliquots in total) was determined by both the RQ-PCR method [SRY (GE/mL)/␤-globin (GE/mL) ϫ 100] (9 ) and the method based on determining the highest dilutions of input DNA for which the SRY and ␤-globin amplicons were detectable by gel electrophoresis (7 ). Six serial 1:5 dilutions (1:5 to 1:15 625) were made for all aliquots.
Ten-replicate analyses of the artificial male DNA mixture yielded median [mean; interquartile range (IQR)] fetal DNA percentages of 6.3% (6.7%; 6.0 -7.3%) by RQ-PCR and 8.0% (15.7%; 1.6 -40%) by serial dilution (Fig. 1) . The results based on the latter method were particularly noteworthy in that they (a) deviated more from the expected 4.5% than that determined by RQ-PCR; (b) exhibited a wide discrepancy between the mean and median; and (c) demonstrated large fluctuations on repeated measurements as evident by the wide IQR (Fig. 1) . In fact, these were signs of inaccuracy, skewed data distribution, and analytical imprecision, respectively.
A priori, RQ-PCR is likely to be more accurate and precise than the serial dilution method because male DNA percentages can be expressed as any value between 0% and 100% by RQ-PCR whereas, based on a fivefold dilution series, male DNA percentages can be scored only as one option among a discrete set of percentages, i.e., 0.0128%, 0.064%, 0.32%, 1.6%, 8%, or 40%. Because of the categorical nature of this scoring method and the uneven numerical distribution of the categories, the data would be skewed and inaccurately represented. For example, fetal DNA concentrations between 8% and 40% may only be scored as 8% or be promoted to the next category, namely, 40%. In fact, this phenomenon was also observed from the datasets presented in the previous formaldehyde study (7 ) . Using a twofold dilution series, the authors reported fetal DNA concentrations of Ͼ50% in several maternal plasma samples [see Table 2 in Dhallan et al. (7 )]. By virtue of the twofold dilution, a fractional fetal DNA concentration Ͼ50% would essentially be scored as 100%.
In addition, the analytical result and the performance of the serial dilution method can be a function of the arbitrary choice of the dilution factor. Although previous work discussed above used 2-and 5-fold dilutions, the effect of large dilution factors can be illustrated by considering 10-fold dilutions. The artificial DNA mixture was additionally analyzed by 10-replicate measurements by a series of four 10-fold dilutions, where the male DNA percentage can be expressed only as 0.02%, 0.2%, 2%, or 20%. As expected, the male DNA percentages deviated further from the expected (median, 0.2%; mean, 24.3%; IQR, 0.2-20%), with the skewness becoming more severe (Fig. 1) . These data could be interpreted in completely opposite ways depending on whether the median (much lower than the true value of 4.5%) or the mean (much higher than the true value of 4.5%) was chosen for presentation.
The issue associated with analytical imprecision was equally applicable to the estimation of fetal DNA percentages. Repeated measurements of the two second-trimester maternal plasma samples by RQ-PCR yielded a median of 3.9%, mean of 3.7%, and IQR of 2.1-5.3% and a median of 5.2%, mean of 5.0%, and IQR of 2.8 -7.2%, respectively. However, results for the fivefold serial dilution method were as follows: median, 4.8%; mean, 11.1%; IQR, 1.6 -8%; and median, 1.6%; mean, 3.4%; IQR, 1.6 -8%, respectively (Fig. 1) .
We therefore conclude that, in our hands, gentle centrifugation did not confer any observable advantage and formaldehyde addition did not yield the previously reported dramatic increases in fractional concentrations of fetal DNA (7 ) . The latter could have resulted from the imprecise estimation of the fetal DNA percentages in maternal plasma when the previously reported serial dilution method was used.
